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Abstract 
Ceramic Matrix Composites are a promising material for ultra-high temperature applications. 
Polymer Infiltration and Pyrolysis (PIP) is a manufacturing technique used to produce 
composite materials with a Silicon Carbide or Silicon Oxycarbide matrix, and Carbon Fibre 
Reinforcement. 
The primary drawback with PIP is the cost and time involved in producing a part, with up to 
hundreds of hours involved in making one part. By optimising parameters such as the heating 
rate used in the process, PIP can be streamlined to improve this time and cost involved. 
Additionally, there is current limits in knowledge on the size of components that can be 
produced using PIP.  
It was found that a higher heating rate used in pyrolysis generally resulted in stronger 
components for both SiC parts and SiOC parts. Strengths of 67.3MPa (19% increase) and 
93.25MPa (60% increase) were witnessed for the SiC and SiOC parts respectively. This was 
primarily due to the reduction in the number of pores within the sample, however, though there 
were fewer pores, the pores present in the high heating rates were much larger on average. As 
such, it may be beneficial to combine faster heating rates early in the PIP process with slow 
rates in later re-infiltrations. 
By investigating plates of different thicknesses, it was found that a higher thickness generally 
results in a higher internal porosity within the component, however much of this porosity was 
transverse cracks present in the matrix. With further re-infiltrations it may be possible to 
achieve a desirable density for these thicker plates.  
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1.0 Introduction 
 
1.1 Research Gap 
Demand for higher temperatures in industries such as hypersonic aerospace and the automotive 
industry is driving the need for more advanced materials.  These materials must be strong, light, 
and economical, whilst maintaining physical integrity at ultra-high temperatures. Ceramic 
Matrix Composites (CMC’s) are a class of Ultra-High Temperature Composite material that 
has potential to fill this gap in material development.  
UHTC CMC materials are strong, stiff, and light, and maintain these properties to temperatures 
up to 2000°C. Currently, however, industry is limited in its ability to use this material 
economically, as manufacturing methods are expensive, time consuming and still in relative 
infancy. As such, there is a large drive to improve the manufacturing techniques. 
CMC’s with matrix materials such as Silicon Carbide or Silicon Oxycarbide benefit from the 
high temperature properties and strength of silicon based ceramics, whilst increasing the 
fracture toughness significantly through the introduction of a reinforcement such as Carbon 
Fibre. There are many production methods for SiC and SiOC CMC’s, including a process 
known as Polymer Infiltration and Pyrolysis (PIP). This manufacturing process involves four 
steps; (1) infiltration of a polymeric ceramic precursor; (2) curing of the resin, (3) pyrolysis of 
the green body, and (4) densification, where the precursor resin is reinfiltrated and re-pyrolysed.  
PIP is currently limited by the cost of resins and equipment used in the process, and the long 
lead times for part production. By refining processes within PIP, and altering parameters during 
the pyrolysis stage, it is possible to improve the efficiency with which the parts are produced. 
Furthermore, there is little knowledge regarding the limits of PIP in terms of size of parts that 
can be produced.   
1.2 Research Aims 
The primary aim of this project is to fill gaps in the knowledge regarding the manufacturing 
process, PIP. Specifically, this is achieved by exploring: 
• The effect of heating rates on the strength and integrity of parts; 
• The effectiveness of re-infiltration using thicker components produced during PIP. 
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Secondary aims of this project include: 
• Establishing a succinct and transparent standard procedure for the PIP process at the 
University of Queensland; 
• Developing a catalogue of material properties for given production parameters. 
1.3 Project Scope 
The following elements are covered within the scope of this project: 
• Exploration of the effects of altering production parameters of current PIP techniques, 
such as the heating rates and temperatures of pyrolysis; 
• Investigation of the effectiveness of current PIP techniques on larger components; 
• Testing and cataloguing of material mechanical properties. 
The following elements are considered out of the scope of this project: 
• Manufacturing techniques other than Polymer Infiltration and Pyrolysis; 
• Investigation of using temperatures above the annealing temperature, or more than 
1200°C; 
• Material combinations outside of budget or that require a temperature greater than the 
furnace capabilities of approximately 1700°C to produce; 
• Investigation into the use of active fillers and interfacial coatings.  
  
                                 Polymer Infiltration and Pyrolysis for 
Ultra-High Temperature Composites 
 
3 
 
2.0 Background 
 
2.1 Ceramic Matrix Composites 
Composite materials are those materials consisting of two or more constituents, and can provide 
the desirable material properties of both or all constituent materials. This property has led to 
the wide use of composites in industry, although there are still areas where material 
performance can be optimised. One such area is that of ultra-high temperature applications. 
Combinations of continuous fibres and a ceramic matrix can result in a damage resistant and 
high temperature resistant material that has applications in many areas, including aerospace and 
nuclear [Kalpakjian, 2014]. These materials are known as Ceramic Matrix Composites. 
Ceramics such as Silicon Carbide have been used in structural applications such as armour and 
heat shielding, as it is very light, strong, and resistant to very high temperatures. However, poor 
fracture toughness limits these generally brittle materials. A number of studies were conducted 
in the 1990’s on the development of SiC turbine blades, however it was concluded that the 
toughness of this material was insufficient [Richerson, 1997]. One way to improve the fracture 
toughness is through the introduction of a fibre reinforcement. This creates a material that has 
properties superior in many ways to that of other engineering materials, as can be seen in Table 
1 [Wang, 2015] [Accuratus, 2013] [Ashby, 2011] [Meetham, 2000].  
Table 1: Structural Material Properties 
Material 𝝈𝒚 (MPa) 𝑲𝑰𝒄 (𝑴𝑷𝒂. 𝒎
𝟏
𝟐) 𝝆 (𝒈. 𝒄𝒎−𝟏) Service Temp. 
SiC ~550 2.5-5 3.1 1600°C 
Si-O-C ~550 2.5-5 3 1000°C 
Titanium 
alloys 
250-1245 14-120 4.6 600°C 
Nickle 
Superalloy 
70-1100 80-110 8.9 1100°C 
 
2.1.1 Areas of Application 
By increasing the strength and fracture toughness of high-temperature ceramics with fibre 
reinforcement, CMC’s are a viable material choice for high-temperature structural applications.  
Two significant areas of application include the aerospace and automotive industries, where 
high strength-to-weight is critical, and the ability to utilise higher temperatures offers many 
                                 Polymer Infiltration and Pyrolysis for 
Ultra-High Temperature Composites 
 
4 
 
advantages. Specifically, CMC’s offer applications in aerospace through internal gas turbine 
components, brake discs, hypersonic structural components, and heat shielding [Low, 2014].  
2.1.2 Motivation 
The use of a ceramic as a matrix offers the ability to shield oxidisation susceptible fibres, such 
as carbon fibre, from harsh environments, whilst providing a high strength and stiffness matrix 
even at high temperatures. Silicon Carbide (SiC) and Silicon Oxycarbide (Si-O-C) are two 
common ceramics used as high-temperature materials in CMC’s, due to their thermal and 
chemical stability, and superior mechanical properties at these temperatures [Wang, 2012].  
The current limitations for CMC’s are around the manufacturing processes that are involved in 
producing these components. Modern methods are very expensive, and require long lead times, 
up to 10 months [Bansal, 2015]. 
2.2 Manufacturing Methods 
Due to the high temperatures required to melt, fuse or sinter SiC or Si-O-C, any attempt to 
utilise these methods, or similar techniques, generally results in oxidisation and damaged fibres 
that yield less than desirable mechanical properties [Jones, 2000]. As such, most fabrication 
methods make use of chemistry, and infiltration to form silicon based CMCs. These can include, 
but are not limited to Polymer Infiltration and Pyrolysis (PIP), Melt Infiltration, Chemical 
Vapour Infiltration, Sol-gel infiltration, and combinations of these. Each method has its benefits 
and key aspects that make it more suitable for use in manufacturing a specific part than others.  
2.2.1 Chemical Vapour Infiltration 
Chemical Vapour Infiltration (CVI) is a process that involves the deposition of a gaseous 
ceramic precursor onto the surface of a porous fibre preform [Low, 2014]. This method was 
developed in the 1960’s as an extension of the original CVD (Chemical Vapour Deposition), 
and still has applications in manufacturing today. CVI can be used to produce thin walled 
components for many applications such as some wall panels on the NASA X-38 aircraft. There 
are several advantages to CVI, including the purity of matrices, excellent mechanical properties, 
and the ability to add an interphase, however the incredibly long lead times, maximum thickness 
and residual porosity limit the process [Bansal, 2015]. 
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2.2.2 Melt Infiltration 
Melt infiltration is characterised by the infiltration of molten silicon, and the subsequent SiC 
matrix build-up by a chemical reaction. This is a low cost, relatively quick production method, 
however, due to the high temperatures that are involved in manufacturing, damage to the fibres 
may occur. Furthermore, free silicon can exist in the matrix if it does not react with carbon, 
leading to poor mechanical properties [Low, 2014].  
2.3 Polymer Infiltration and Pyrolysis 
2.3.1 Process 
PIP is the process of infiltrating a ceramic precursor into a porous fibre preform, followed by 
decomposition to form a ceramic matrix. The fabrication cycle consists of 4 steps [Lee, 2008]; 
1. Infiltration of a reinforcement preform; 
2. Curing of the matrix; 
3. Pyrolysis and conversion of the cured polymer; and 
4. Densification. 
The infiltration is often done via a hand lamination with the precursor resin on the carbon fibre 
fabric. The part is then cured under vacuum to harden the resin, although it is still quite weak. 
Pyrolysis follows, where the polymeric resin decomposes to form a ceramic material. After the 
first cycle, the part is quite weak and porous due to gas evolution from the ceramic precursor, 
so it is bathed in the resin again under vacuum to re-infiltrate it. It is then cured and pyrolyzed 
again, and this process is known as a densification cycle. This cycle is often repeated many 
times (5 or more) to produce a part that has sufficient strength to be used in service.  
The pyrolysis process is time consuming, often take 24 hours per pyrolysis, which can lead to 
total lead times of well over 100 man-hours to produce a single part with satisfactory 
mechanical properties [Low, 2014]. Other limitations of PIP are the generally poor interlaminar 
shear strength observed in parts, and the cost of resins required for the process [Low, 2014].  
2.3.2 Precursors 
Polymeric resins can be produced with near or exact stoichiometric quantities of the elements 
in the desired ceramic and hence are a suitable choice to use as ceramic precursors [Saruhan, 
2003].  When organometallic polymers that contain silicon are heat treated, its general structure 
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is destroyed, while the backbone that makes up the ceramic material (e.g. SiC) remains [Yajima, 
1975]. An ideal polymer for PIP must have the following properties [Liu, 2007] [Mazdiyasni, 
1990]: 
1. Be a liquid or soluble; 
2. Be stable and curable; 
3. Give high ceramic yield; and 
4. Derive near-stoichiometric target ceramic. 
There are many polymers that meet these criteria, depending on the desired ceramic. The most 
common SiC forming precursors are PCS, PVS and PMS, and the most common Si-O-C 
forming precursors is Polysiloxane, [Lu, 2016].  
Much research has been done on the modification and refinement of these precursors to be more 
appropriate for the use in PIP, most specifically increasing the ceramic yield. By increasing the 
ceramic yield, less gas generally evolves during pyrolysis process, and thus, fewer pores are 
formed [Mazdiyasni, 1990]. Commercially available precursors such as those from Starfire 
Systems have ceramic yields of around 80% [Starfire, 2017]. Table 2 summarises some research 
undertaken into improving the precursor ceramic yield. 
Table 2: Precursor modifications 
Precursor Modification Ceramic Approx. 
Ceramic Yield 
Reference 
PCS Allyl-substituted to form 
AHPCS 
SiC 72% [Sreeja, 2010] 
PVS Unique synthesis method SiC 81% [Wang, 2012] 
PMS  SbCl3 added before curing at 
320°C 
SiC 91% [Liu, 2007] 
PMS 1 wt.% Borazine added during 
curing 
SiC 87% [Cao, 2003] 
AHPCS Modified polymer with boron SiC 75% [Yu, 2009] 
PCS Starfire Systems Resin SiC 82% [Starfire, 2017] 
PSX Starfire Systems Resin Si-O-C 78% [Starfire, 2017] 
 
 
2.3.3 Properties of CMCs 
There are three main factors that influence the properties of a CMC; 
1. Macrostructure of the matrix; 
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2. Interfacial bonding between matrix and fibre; 
3. Individual constituent properties. 
During pyrolysis, the precursor resin releases a large amount of gas as the resin decomposes to 
form the matrix. This gas forms pores within the matrix which can compromise the strength of 
the part. Through a simple fracture analysis, it can be easily shown that as the size and number 
of flaws within a brittle material increase, the size of the stress intensity factor increases. As 
such, it is quite important for CMC integrity that the pore sizes and regularity are minimised 
[Lee, 2008].  
The densification step in PIP targets this property, as pores are filled with resin and 
subsequently cured and pyrolysed to form a homogenous matrix. However, the re-infiltration 
relies heavily on pores being interconnected [Jian, 2004]. Isolated pores may remain within a 
matrix, even after multiple densification cycles, with each cycle giving diminishing returns, as 
shown in Figure 1. This is a very time-consuming process, with a full densification cycle often 
taking at least 2 days for thin components, and much longer for thicker components [Bansal, 
2015]. Therefore, significant research has been conducted into forming a matrix that has a more 
desirable pore network.  
 
Figure 1: Density at different pyrolysis cycles for different heating rates [Jian, 2015] 
By refining the pore network, or coalescing smaller pores into larger ones, the re-infiltration 
process can be optimised to reduce fabrication time [Bansal, 2015]. Lee [2008] and Jian [2005] 
demonstrated this by altering the maximum pyrolysis temperatures and heating rates used 
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during pyrolysis, leading to more connectivity between pores, and generally larger pores in the 
matrix. As a result, the density upon subsequent re-infiltrations increased quicker. The result of 
this can be seen in Figure 1, where it is evident that the density is higher for the higher heating 
rate of 15°C/min [Jian, 2005]. Duan [2011] also showed that for SiOC ceramics derived from 
Polysiloxane polymers, the pyrolysis temperatures can have a large influence on the size and 
evolution of pores.  
Alternative to changing the pyrolysis parameters, another method of controlling and influencing 
the macrostructure is by using fillers in the matrix. Maille [2014] showed that the use of an 
active filler forms an oxide layer and expands during pyrolysis, significantly reducing the 
porosity in components.  
A summary of the results of attempts to control the matrix macrostructure is presented as part 
of Table 5. 
The interface properties between matrix and fibres heavily impacts the mechanical properties 
of Fibre-Reinforced CMC’s. The interface is critical in increasing the fracture toughness of 
brittle materials, which prevents the use of homogeneous ceramics in many applications. The 
interface provides three primary toughening mechanisms;  
Table 3: Interface Toughening Mechanisms 
Mechanism Description 
Crack deflection Blocking the crack tip via a change in material requires more energy to 
maintain crack growth, hence increasing the toughness of the material 
Bridging Bridging is the process of connecting crack faces, potentially providing 
extrinsic toughening 
Fibre pull-out Allowing load to be taken by fibres in tension, rather than being limited by 
the strength of the matrix 
 
For composites with a matrix that is far stiffer than the reinforcement (fibres), a weaker interface 
promotes these toughening mechanisms most effectively [Jian, 2007]. A weak interface 
provides a deflection route for a crack to follow, as cracks propagate through the weakest route 
in a material. Furthermore, a weak interface allows fibres in the composite to pull out whilst 
under stress, and take the load from the ceramic. This is extremely important to the composite 
properties [Warren, 1992]. Zhong [2017] gives an example of fibre pull-out which can be seen 
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through a Scanning Electron Microscope, and it clearly shows the result of a weak interface, 
where gaps are present between the fibres and matrix.   
A strong interface in a composite allows cracks to penetrate through the fibre, and will cause 
the composite material to act in a brittle fashion, much like the pure ceramic. Contrarily, by 
deflecting the crack along the interface and preventing it from propagating through the fibre, 
the composite can carry further load through the fibre, and thus increases its strength and 
ductility.  
There are two types of bonding that occur in Fibre-reinforced CMC’s; mechanical bonding, and 
chemical bonding, respectively formed by non-uniform cooling, and chemical reacts at high 
temperatures.  
Many studies have been conducted on controlling the interfacial bonding of CMC’s, and various 
techniques have been developed, most common of which is the careful control of temperature, 
the control of composition of the matrix and fibres, and the use of an interfacial coating. Some 
approaches have been summarised in Table 4. 
Table 4: Modifications to interfacial bonds 
Control Reference Description 
Interfacial 
Coating 
[Baklonova, 
2009] 
Coated with Boron Nitride via CVD. No strength tests conducted. 
 
Pre-heating 
Carbon Fibre 
[Xingui, 
2006] 
By heat-treating the carbon fibre, a weaker interface was generated 
due to graphitization of the fibres. 
Increased 
Heating Rate 
[Jian, 2004] Higher heating rates during pyrolysis resulted in weakened 
interfaces and superior mechanical properties. 
Annealing [Duan, 
2011] 
Annealing Cf/SiC composites decomposed the interface, allowing 
for higher fibre pull-out. It was noted the interface began to 
become stronger at pyrolysis temperatures above 1700C. 
Combination 
of Annealing 
and interface 
[Chai, 
2016] 
PyC was used as an interfacial coating, and the effect of annealing 
was investigated. Higher annealing temperatures resulted in higher 
interfacial bonding 
 
Additional to matrix macrostructure and interfacial bonding, individual material properties are 
very influential in the properties of the final composite.  
The microstructure of the ceramic produced affects the strength and stiffness of the final CMC. 
Starfire reports that pyrolysis temperatures of 850C to 1200 C for its PCS precursor (SMP10) 
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yield Amorphous (glassy) SiC, while temperatures between 1250-1700C forms Nano-
crystalline β-SiC.  
Upon changing to β-SiC, the density of SiC increases significantly, with some researchers 
noting a volume change of up to 50% [Lee, 2008] [Jian, 2007].  Furthermore, it has been 
discovered that increasing the pyrolysis temperature to annealing temperatures (>1200C) 
results in weaker interfacial bonds [Jian, 2007]. 
The results of several attempts to improve parts produced through PIP is summarised in Table 
5. This table compares the strength achieved in a 3-point bend test to the number of pyrolysis 
cycles use.   
Table 5: Summary of Properties found in literature 
Description No. of 
Pyrolysis 
cycles 
Density 
(g cm-3) 
Flexural 
Strength (MPa) 
Fracture 
Toughness 
(MPa m1/2) 
Source 
1000°C standard 
conditions 
6 - 300 - Berbon [2002] 
Starfire Resin  7 2.43 305 - Yin [2014] 
Heating rate to 
15°C/min, and 6th 
cycle temp. 1600°C 
6 2.001 550 15 Jian [2007] 
Increased Heating 
rate to 15°C/min 
6 1.969 480 15 Jian [2007] 
Altered polymer 
Structure 
4 1.76 381 15.74 Liu [2007] 
Addition of an Active 
filler 
3 - 215 - Maille [2014] 
Increased heating 
rate 
8 2.81 500 - Kotani [2002] 
Pyrolysis temp. of 
1500C 
8 2.19 535 17.3 Chai [2016] 
Altered Structure 4 - 86 - Sreeja [2003] 
Combination of CVD 
and PIP 
5 1.97 297 - Chen [2011] 
1600C heat treatment 
with slurry  
6 - 375 - Berbon [2002] 
Pre-heating C/F 15 1.86 600.8 18.5 [Xingui, 2006] 
Initial Hot-press on 
part 
6 1.76 490 - [Suo, 2004] 
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2.3.4 Summary 
PIP has benefits in producing CMC’s over other manufacturing processes in terms of the given 
ability to closely control the matrix build-up, the fact that it is a near-net shape technology and 
the ability to carry out the process without damaging fibres.  
Primary factors that influence the strength and quality of a CMC are the porosity of the matrix 
and the interfacial bonds. It has been shown that by varying the heating rate during pyrolysis, 
both the macrostructure and interfacial bonds can be controlled. This may lead to quicker lead 
times for parts that have suitable mechanical properties. 
   
 
 
 
 
 
  
                                 Polymer Infiltration and Pyrolysis for 
Ultra-High Temperature Composites 
 
12 
 
3.0 Objectives 
 
The primary goal of this research project is to improve the PIP process in terms of time and 
product quality.  There are areas of PIP that can be optimised, as explored in the research 
presented.  
The first research objective of this project will be to investigate the effect of heating rates on 
the quality of parts produced through PIP. It is hypothesised that increasing the heating rate will 
have the following effects to PIP; 
• Weakened interfacial bonds; 
• A more desirable pore network, due to fewer pores, but larger in size, resulting in more 
efficient re-infiltration; 
• Reduction in pyrolysis time. 
The second research objective is to investigate any evidence for limits in the thickness of parts 
that can be produced. This will be explored by creating thicker components and investigating 
the effectiveness of re-infiltration.  
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4.0 Methodology 
 
4.1 Sample Production 
To investigate the effect of heating rates and thickness in the PIP process, 9 plates 100mm x 
100mm in size will be produced via the same primary process, with variations in production 
parameters. 
The standard process, as explored in the literature, involves four major processes: 
1. Infiltration of a resin into a fibre preform; 
2. Curing of the infiltrated part into a ‘green body’; 
3. Pyrolysis of the green body; 
4. Densification of the pyrolyzed part. 
The materials used are summarised in Table 6.  
Table 6: Materials used in plate production 
Material Specification Supplier Cost ($/kg) 
SiC Precursor SMP10 Starfire Systems $1400 
SiOC SPR688/SPR212 Starfire Systems $220 
Carbon Fibre Fabric T300 Toray $60/m2 
 
4.1.1 Infiltration of a resin into a fibre preform 
The initial resin infiltration is conducted via a hand lamination. The basic process for this is: 
1. Paint a layer of resin onto a Teflon coated plate; 
2. Lay carbon fibre fabric on this resin; 
3. Coat fabric with more resin; 
4. Lay another sheet of fabric; 
5. Repeat steps 3 and 4 until desired thickness is reached. 
A more detailed procedure can be found in Appendix 10.1.  
It was found for this procedure that 6 sheets of T300 Carbon fibre fabric results in a plate that 
is approximately 1mm thick. 
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It was also found that approximately 110g of resin (SPR688 or SMP10) is sufficient to infiltrate 
1m2 of carbon fibre. The quantities of resin used for each plate is summarised in Table 7. 
SPR688 requires the use of a platinum catalyst in curing, with a ratio of 2% resin for the total 
weight.  
 
Figure 2: Example of hand lamination process 
 
Table 7: Summary of resins used in production 
# Resin Size Thickness/no. of plies Mass of resin Mass of Catalyst 
1 SMP10 240mm x 240mm 2mm / 12ply 29.3g N/A 
2 SPR688 240mm x 240mm 2mm / 12ply 28.7g 0.586g 
3 SPR688 150mm x 150mm 2mm / 12ply 28.7g 0.586g 
4 SPR688 150mm x 150mm 5mm / 30ply 71.78g 1.46g 
5 SPR688 150mm x 150mm 10mm / 60ply 143.6g 2.93g 
 
4.1.2 Curing of green body 
Upon completion of the infiltration, the resin needs to be cured. This process involves two steps; 
(1) subjecting the plate to a vacuum, and (2) curing the plate under temperature and pressure.  
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To create the vacuum, the plate is sealed in a vacuum bag, and connected to a vacuum pump, 
as shown in Figure 3. With breather fabric around the outside, the resin can spread and evenly 
and completely infiltrate the part.  
 
Figure 3: Plate sealed under vacuum 
This vacuum is applied throughout the curing process, and is left until the resin is completely 
infiltrated. Upon completion, the plate is moved to a hot press, at 200°C. The curing time is 
dependent on the resin, summarised in Table 8.  
Table 8: Resin Curing Times 
Resin Curing Time Polymer 
SMP10 2 hours AHPCS 
SPR688 30 min Polysiloxane 
SPR212 30min Polysiloxane 
 
The pressure applied was noted as approximately 5kPa for each plate, however this was not 
closely controlled. 
Before pyrolysis, the plates were cut to size with a water jet. This was done as the plates are 
still relatively strong, as the plates become quite fragile after the first pyrolysis.   
4.1.3 Pyrolysis  
Before pyrolysis, the composition of the plate is a thermoset polymeric resin. Pyrolysis allows 
the decomposition of this polymer to a ceramic matrix.  
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Before the heating can be conducted, any trace elements of air need to be removed to prevent 
oxidisation of the parts during pyrolysis. This is done via multiple purging and re-infiltration 
cycles. Air is purged through a vacuum pump, in the arrangement seen in Figure 4 followed by 
an infiltration of argon to a slightly positive pressure. This process is repeated twice, with 
pressures summarised in Table 9. 
 
Figure 4: Pyrolysis Oven 
 
Table 9: Cycle summary of air purging for pyrolysis 
Cycle Pressure Time allowed 
Initial Purge -100 kPa  45 min 
Argon Infiltration 1 kPa 5 min 
2nd Purge -99.7 kPa 30 min 
Argon infiltration 1 kPa 5 min 
3rd Purge -99.7 kPa 30 min 
Argon infiltration 6 kPa 30 min 
 
Upon purging of any air in the oven, the pressure of argon is closely monitored for 30 min to 
ensure no fluctuations. At this point, the heating cycle is commenced. The temperatures and 
ramps are dependent on the part being pyrolyzed. The temperatures and ramps used in this 
experiment are summarised in Table 10, with the maximum temperature being held for 2 hours 
before the cooling commences at the same rate as heating. 
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Table 10: Sample Production Parameters 
# Ceramic Thickness Heating 
Rate 
No. of Pyrolysis 
Cycles 
Maximum 
Temperature 
1a SiC 2mm 1°C/min 3 850°C 
1b SiOC 2mm 1°C/min 3 850°C 
5a SiC 2mm 5°C/min 3 850°C 
5b SiOC 2mm 5°C/min 3 850°C 
10a SiC 2mm 10°C/min 3 850°C 
10b SiOC 2mm 10°C/min 3 850°C 
T2 SiOC 2mm 1°C/min 3 850°C 
T5 SiOC 5mm 1°C/min 3 850°C 
T10 SiOC 10mm 1°C/min 3 850°C 
 
4.1.4 Densification 
After the initial pyrolysis, the part is quite fragile, and needs to be re-infiltrated with the resin 
and pyrolysed again to reach a suitable density. This process is known as a densification cycle.  
The plates placed in bowl within a vacuum chamber in an arrangement as shown in Figure 5, 
where a vacuum is applied for an hour to remove any air in the chamber. Resin is then 
introduced through a sealed hose, to cover the plates in the bowl as shown in Figure 6. The re-
infiltration cycle is undertaken over at least 12 hours, or until bubbling ceases in the resin. 
 
Figure 5: Re-infiltration chamber under vacuum 
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After the re-infiltration has been conducted, the plates are cured at 200°C in a vacuum oven for 
the same amount of time as the initial curing cycle.  
Following this, the plates are subjected to another pyrolysis with the same parameters as 
described in Table 10. This completes the densification cycle.  
The densification cycle can be completed several times to reach a desirable density, however it 
was only conducted twice throughout this procedure.  
 
Figure 6: Bowl containing plates during re-infiltration 
 
4.2 Property investigation 
The following parameters are tested for to compare with literature and determine trends in the 
samples; 
• Bulk Density; 
• Flexural Strength; 
• Stiffness; 
• Interlaminar Shear Strength; 
• Weight loss after exposure to high temperature. 
Furthermore, microscopy was conducted to analyse the apparent porosity within the material. 
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4.2.1 Bulk Density and Apparent Porosity 
The bulk density of parts will be determined using a density kit, and a standard lab procedure 
utilising Archimedes principal. By subjecting the parts to a vacuum, followed by submersion 
in water, the apparent porosity can also be determined using Archimedes principal.  
Parts were weighed before and after the vacuum exposure, and when submersed in water where 
the bulk density and apparent porosity will be determined. The density at different points around 
each of the thick plates were determined as per Figure 7. 
 
Figure 7: Layout of density measurement locations 
 
4.2.2 Flexural Strength and Stiffness 
The flexural strength is determined using the process outlined in ASTM D7264-15. This method 
describes the use of a 3-point or 4-point bend test to determine both the flexural strength and 
stiffness. An example of the flexural test set-up can be found in Figure 8. 
The difference between the 3-point and 4-point bend tests are the location and distribution of 
stress in the beam. With a 4-point bend, the moment is constant between the loads, whereas the 
3-point localises the maximum flexural stress directly under the load, combining with a 
resultant vertical shear force. As such, a 4-point bend test may give a more comprehensive and 
accurate description of the flexural strength and stiffness of the part, however due to limitations 
on availability of testing apparatuses, the 3-point bend tests will be utilised. Furthermore, this 
allows a more consistent comparison of results to that of literature, as much of the results in 
literature is obtained using a 3-point configuration.  
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Figure 8: Example of flexure test 
The parameters outlined in this standard are summarised in Table 11. 
Table 11: Flexural Strength and Stiffness test parameters 
Dimension Value 
Total Specimen Length 1.2 x S 
h, thickness 4mm* 
b, width 13mm* 
S, Support Span 32 x h 
*These values are standard, however other width and thickness values can be used, so long as they are recorded.  
The flexural stress and strain is calculated using the following expressions for the 3-point bend 
tests: 
Equation 1: Flexural Strength of 3-pt bend 
𝜎3−𝑝𝑡 =
3𝑃𝐿
2𝑏ℎ2
 
Equation 2: Flexural Strain of 3-pt bend 
𝜀3−𝑝𝑡 =
6𝛿ℎ
𝐿2
 
The following expression then holds for the stiffness of the material 
Equation 3: Flexural Stiffness 
𝐸𝑓 =
∆𝜎
∆𝜀
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4.2.3 Interlaminar Shear Strength 
The British Standard BS EN 658-5:2002 summarises the test method for determining the 
Interlaminar Shear Strength for advanced technical ceramic composites. An example set up for 
this test can be found in Figure 9. 
The method utilises a 3-point bending test with the parameters described in Table 12. 
Table 12: ILSS test parameters 
Dimension Value 
Total Specimen Length 20 to 25mm 
h, thickness 3 ± 1mm 
b, width 10mm 
S, Support Span 5h 
 
The ILSS is then determined with the following relationship: 
Equation 4: Interlaminar Shear Strength 
𝐼𝐿𝑆𝑆 =
3𝑃
4𝑏ℎ
 
Where F is the maximum force in the test.  
The validity of this test relies on the specimen failing in shear within a quarter thickness of the 
midplane (i.e. ±
ℎ
4
 from the midplane). 
 
Figure 9: Example of ILSS test 
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4.2.4 Weight loss after high temperature exposure 
By subjecting parts to high temperatures, then testing the mechanical properties, an insight to 
the high temperature capabilities of the material can be determined.  
Ideally, parts would be tested for mechanical strength whilst under temperature loading, such 
as being subject to an oxy-acetylene torch during a bending test. However, the equipment for 
such a test does not currently exist at the University of Queensland.  
As such, the parts were subjected to temperatures of 1000°C for 2 hrs and 24 hrs, and the weight 
will be recorded before and after. An attempt was made to undertake flexural strength tests on 
the parts after oxidisation, however, as discussed in the Results, the parts were too weak to 
retrieve any values.  
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5.0 Results  
 
5.1 Mechanical Properties 
 
Figure 10: Flexural Strength for different ramp rates 
Figure 10 compares the flexural strength in MPa of the different samples. The tests were 
conducted 3 times for consistency, and it was found that the results varied quite significantly. 
The individual test results can be found in Appendix 10.3.  
 
Figure 11: Interlaminar Shear Strength for different ramp rates 
 
Figure 11 compares the interlaminar shear strength in MPa of the different samples.  
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Figure 12: Flexural Modulus of Elasticity for different ramp rates 
Figure 12Figure 10 compares the flexural stiffness in MPa of the different samples. The tests 
were conducted 3 times for consistency, and it was found that results were generally quite 
consistent, except on one occasion where it was quite difficult to obtain an accurate result as 
there were several early stress fluctuations during the experiment. Disregarding this anomaly, 
the results varied a maximum of 10%.  The individual test curves for each specimen can be 
found in Appendix 10.3.  
5.2 Physical Properties 
The weight gain for each plate was calculated by comparing the percentage difference in 
measured weight between each pyrolysis.  
 
Figure 13: Weight gain for thick SPR Plates 
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Figure 14: Weight gain for SMP samples 
 
 
Figure 15: Weight gain for SPR samples 
 
Table 13: Density at different locations of thick plates 
 Density (g.cm-3) at location x 
Sample 1 2 3 4 5 6 7 
2mm 1.556 1.503 1.496 1.517 1.529 - - 
5mm 1.580 1.582 1.582 1.579 1.573 1.561 - 
10mm 1.600 1.599 1.602 1.598 1.561 1.599 1.601 
 
5.3 Oxide Tests 
There were no flexural tests conducted on the parts tested under temperature, as the structural 
integrity was too low to get a value. Both the parts heat treated for 1hr and 24hrs were weak 
enough to break upon gentle handling.  
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Table 14: Oxide Test results 
Sample 1 hr mass loss  24 hr mass loss 
SMP 1D 61.9% 62.7% 
SMP 5D 67.2% 65.9% 
SMP 10D 67.4% 65.7% 
SPR 1D 77.3% 74.9% 
SPR 5D 81.7% 79.3% 
SPR 10D 81.9% 80.9% 
 
5.4 Microscopy and SEM Images 
Microscopy was conducted on all the samples, to gain insight into the microstructure of the 
parts. The results of this can be found in Appendix 10.4. 
A scanning electron microscope was used to image the fracture surface of a part broken in 
bending, produced with a 10°C/min ramp. The results of this can be found in Appendix 10.5. 
 
5.5 Difficulties in the Manufacturing process 
5.5.1 Cooling Rates during Pyrolysis 
During pyrolysis, it was noted that the pyrolysis furnace could not cool at the rate that was 
designated, with anything greater than 1°C/min difficult to maintain. Figure 16 shows the 
readings (PV) compared to the set value (SV) for the furnace controller.  
The 10°C/min cycle should theoretically be completed in approximately 6hrs (14 less than the 
1C/min), however due to this slower cooling rate, it took closer to 11 hours to be ready for 
removal. This is still a halving in pyrolysis time, which is beneficial to the lead time.  
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Figure 16: Temperature curves during pyrolysis for set values and actual values 
 
This may have impacted the results of the study; however, this was consistent throughout the 
course of material production.  
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6.0 Discussion 
6.1 Temperature Ramp for SiC Samples 
6.1.1 Mechanical Properties 
Both the flexural strength and flexural modulus of elasticity show positive correlations with the 
increasing of heating rates. Both properties exhibited a maximum value that corresponded with 
the highest heating rate tested (10°C/min) with values of 67MPa and 42MPa respectively. This 
was, however, accompanied with some extreme variation in the results of the strength. 
The final test of strength yielded results that had some significant deviation from the results 
already obtained. The 10°C/min sample showed a variation in strength of 145% compared to 
tests conducted earlier. Furthermore, the 5°C/min sample showed a deviation of 69% compared 
to earlier tests.  
The interlaminar shear strength (ILSS) showed a negative trend with the increasing heating 
rates. The 1°C/min sample showed a ILSS of 4.4MPa, while the 10°C/min had a ILSS of 3MPa, 
a 31% loss.  
According to literature, the increase in strength with higher heating rates is due to 
conglomeration of smaller pores into fewer larger pores that can be infiltrated more readily 
[Jian, 2007]. As a result, fewer infiltrations would be required to attain higher strength values.  
Microscopy showed this to be accurate, with larger pores generally more frequent in the 
10°C/min samples, and small pores highly frequent in the 1°C/min sample. Figure 17, Figure 
18, and Figure 19 show there are larger pores evident in the higher heating rate samples. The 
frequency of these, however, diminishes. In the 10°C/min sample, large areas of the samples 
had relatively low large pore counts, as can be seen in Figure 19b. This was characteristic of 
much of the sample, with sporadic regions of large pores. The 5°C/min sample showed a more 
even distribution of pores, with generally similar sizes to those found in the 10°C/min sample, 
while the 1°C/min showed fewer large pores but a high percentage of small pores. 
This would correspond with the results obtained in the flexural strength tests, with higher 
strengths being recorded for higher heating rates due to lower porosity. The inconsistency can 
also be explained by the presence regions of pores large enough to cause brittle failure, by acting 
as a stress concentrator in the 10°C/min sample.  
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Figure 17: SMP10 1°C/min microscopy 5x magnification 
 
Figure 18: SMP10 5°C/min microscopy 5x magnification 
 
Figure 19: SMP10 10°C/min microscopy 5x magnification 
The 1°C/min sample, however, showed consistent strength results, which can be explained by 
the even distribution of small pores, compromising the strength, but doing so in a more 
consistent manner.  
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Contrary to the results of the flexural strength and stiffness, the interlaminar shear strength 
(ILSS) showed a negative correlation with the increasing heating rate. Increasing the heating 
rate from 1°C/min to 10°C/min resulted in a decrease in ILSS of 31%. Interestingly, by 
increasing the heating rate from 5°C/min to 10°C/min, a decrease of only 4% in the ILSS was 
observed.  
A possible explanation for this can be found in the microscopy images. Figure 19a shows 
several pores on the layer between the transverse fibres. This may be due to easy gaseous flow 
along these paths, and hence a higher rate of pore formation around this area. As discussed, the 
larger heating rates tends to produce larger pores, and with these pores forming on the boundary 
between transverse fibres, the ILSS would be adversely affected.  
Interestingly, the higher heating rates have not produced any visible cracking due to thermal 
stresses present within the sample. Comparably, the SPR samples showed a high degree of 
cracking, although this will be discussed later.  
 
Figure 20: SMP10 Samples with 20x mag. (a) 1°C/min, (b) 5°C/min, and (c) 10°C/min 
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Figure 20 shows a 20 times magnification of the samples, and reveals a higher frequency of 
pores on the scale of 10-20µm with the higher heating rates. This further supports the 
conglomeration of pores into fewer larger pores. Figure 21 shows the difference in size of these 
micro-pores. These images are characteristic of regions across the entire sample, and show that 
the regular small pores in the 1°C/min are approximately half the size of the 10°C/min sample. 
This would lead to generally higher strength across the higher heating rates.  
 
Figure 21: SMP10 Samples with 100x mag. (a) 1°C/min, and (b) 10°C/min 
More infiltrations may allow the porous regions of the 10°C/min samples to yield more 
consistent results. Alternatively, it may be possible that the introduction of a slow heating rate 
cycle after several higher rate cycles may be beneficial. A slow heating rate may allow any 
pores present in later densifications to be distributed evenly, reducing the likelihood of a 
catastrophic brittle failure evidenced in test 3 of the bending tests. This may also have positive 
effects on the ILSS, with pores near the boundary filled and more evenly dispersed, however 
more evidence would be required to prove this.  
SEM was conducted on a plate that was pyrolysed with a heating rate of 10°C/min, and broken 
via bending. The 70x magnification shown in Figure 22 shows the depth and size of some of 
the pores that are present within the sample. These pores have quite a significant depth, and 
there seems to be no correlation with the location of these pores to the size and frequency.   
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Figure 22: 70x Magnification SEM image of SMP10 Part 
  
Figure 23: 5000x Magnification SEM of SMP10 part 
Figure 23 shows a 5000 times magnification with the SEM, and reveals the extent of the matrix 
fibre bonding. It can be seen in this image that there is a distinct gap between the fibre and the 
matrix, which reveals that the interfacial bonding is quite weak. This is beneficial to the 
mechanical properties, as it allows the fibres to pull out more, and hence increase the strength 
of the part.  
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This weakening of the interface appears to be a result of the higher heating rate. Comparing 
Figure 23 and literature with samples that have slow heating rates [Kumar, 2016], the gap in 
the interface is larger for the higher heating rates, which is beneficial for the mechanical 
properties. If a higher rate in early cycles was to be combined with a slower rate in later cycles, 
there is the possibility that the interface would remain weak, and the pores present within the 
sample would disperse, causing a major increase in the strength properties of the material.  
The back-scatter electron (BSE) images shown in Appendix 10.5 shows change in composition 
of materials in the image. The greyscale does not deviate too much, and this is due to the 
similarity in position of Carbon and Silicon on the Periodic table.  
6.1.2 Weight Gain 
By weighing the samples before and after each pyrolysis, the weight gain was revealed. It was 
found that the 10°C/min has approximately 2-3% higher weight gain upon each densification 
cycle. This is supportive of the theory that the use of higher heating rates allows for more 
efficient re-infiltration. 
Interestingly, not much difference between the mass gain was noticed on the 2nd cycle between 
the 1 and 5°C/min samples. Alternatively, the 10°C/min had a higher %wt. gain, with a similar 
result achieved to that of the first cycle of the 1°C/min.  
6.1.3 Oxidisation 
Two periods were used in testing the high temperature oxidisation performance of the samples, 
a 1-hour hold, and a 24-hour hold at 1000°C.  
Both the 1-hour hold, and the 24-hour hold resulted in samples that were too weak to conduct 
strength testing on. Approximately 65% weight loss was observed for each of the samples, with 
no significant difference observed between the heating rates. Upon measuring of the mass loss, 
some of the samples crumbled, with no inherent integrity whatsoever. Some of the samples 
began to form an oxide layer, which can be seen in Figure 24. 
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Figure 24: Oxidised SMP10 samples (a) 1-hr, and (b) 24-hr 
 
6.1.4 Summary  
Higher heating rates with the SMP10 resin resulted in parts that had a higher maximum strength, 
but were also more inconsistent. The pore structure in the samples with higher heating rates 
showed generally larger pores present within the parts, with small pores being more infrequent 
compared to that of the slower rate samples. The ILSS decayed with increasing heating rates, 
and it was determined this was due to the prevalence of large pores on the boundary between 
the fibre direction change. SEM of a 10°C/min sample revealed a weaker interface than that of 
literature [Kumar, 2016] where a slow ramp was used.   
By combining higher heating rates in early cycles, and slower rates in later cycles, it may be 
possible to combine the benefits of both, and result in a part with a weak interface, good re-
infiltration efficiency, and low porosity.  
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6.2 Temperature Ramp for SiOC Samples 
6.2.1 Mechanical Properties 
The flexural strength of SPR parts showed a positive correlation to the heating rate. The 
maximum strength of 89.5MPa was observed with a 10°C/min rate, an increase of 50% 
compared to the strength is observed in the plate produced with the 1°C/min ramp. The flexural 
modulus observed was higher for the plate produced with the 10°C/min ramp, with a maximum 
modulus of 45MPa, a 28% gain. No significant difference was noticed by increasing the heating 
rate from 1°C/min to 5°C/min, with a 2% increase from the 35MPa observed in the 1°C/min 
sample. The interlaminar shear strength (ILSS) in the SiOC samples was observed to be 
negatively correlated with the heating rates. The slow rate sample had an ILSS of 5.1MPa, 
which dropped 18% when the ramp was increased to 10°C/min. 
 
Figure 25: SPR 1°C/min microscopy 5x magnification 
As with the SMP samples, the SPR samples show a significant increase in the number of large 
pores present within the sample with the larger heating rates, as can be seen comparing Figure 
25, Figure 26, and Figure 27. Furthermore, the presence of small pores on the size of 20µm 
seem to increase in frequency with the slow heating rates. 
Figure 27a shows several cracks in the 90° fibres, which may be routes for the gas to escape, or 
thermal cracking due to mismatches in the thermal coefficients between the fibres and the 
matrix, or a combination of both. The increase in crack prevalence may be due to the shorter 
amount of time in which gas that is produced higher heating rates during pyrolysis can escape. 
Additionally, the cracking may be a result of thermal expansion differences between the 
materials, causing stress during cooling and cracking the matrix.  
                                 Polymer Infiltration and Pyrolysis for 
Ultra-High Temperature Composites 
 
36 
 
 
Figure 26: SPR 5°C/min microscopy 5x magnification 
 
Figure 27: SPR 10°C/min microscopy 5x magnification 
The consequence of the presence of these cracks should be investigated further, but it’s possible 
that these will be beneficial for future re-infiltrations, as it allows a path to be established for 
the resin to flow. Upon later pyrolysis cycles, these cracks would preferably be avoided, as they 
provide a stress concentration within the sample. As such, it may be possible that combining 
the higher heating rates in early cycles and slow heating rates in later cycles will result in a 
superior composite, with re-infiltrated cracks that are then closed upon the slow heating.  
Figure 27b shows a large pore on the boundary between the fibre directions, which may be 
caused by cracks combined with higher concentration of gas. This would impact the ILSS 
negatively, as the strength between fibrous layers would be compromised. Comparing this to 
Figure 25 and Figure 26, far fewer pores have formed between these fibre layers, and hence 
have resulted in superior ILSS results.   
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Figure 28: SPR Samples with 20x mag. (a) 1°C/min, (b) 5°C/min, and (c) 10°C/min 
Figure 28 shows a reduction of the number of small (<20µm) pores in the samples with higher 
heating rates. Again, this can be explained by the increasing re-infiltration performance that can 
be generated by the higher heating rates.  
 
Figure 29: SPR Samples with 100x mag. (a) 1°C/min, and (b) 5°C/min 
Figure 29 shows a 100x magnification of the 1°C/min and 5°C/min samples. Comparing Figure 
29a and b, there is significantly more micro-pores around and in the fibres. This may be due to 
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the method with which the samples were polished, however it could also be damage to the fibres 
due to higher thermal gradients.  
6.2.2 Weight Gain 
The initial pyrolysis cycle showed a weight gain for the 10°C/min almost double that compared 
to the 1°C/min, with 11.4% weight gain. 
Contrary to predictions, the second re-infiltration showed a similar weight gain for the 1°C/min 
and 10°C/min samples, with the 5°C/min showing 2% less weight gain.   
6.2.3 Oxidisation 
As with the SiC samples, a 1-hour and 24-hour hold of 1000°C were used to test the high 
temperature performance of the samples.  
Again, both the 1-hour hold, and the 24-hour hold resulted in samples with no structural 
integrity and crumbled upon measurement of the mass. The weight loss was recorded to be 
approximately 75-80% for each of the samples. A significant oxide layer was formed 
throughout the samples, which can be seen in Figure 30. 
 
Figure 30: Oxidised SPR Samples (a) 1-hr, and (b) 24hrs 
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6.2.4 Summary 
Higher heating rates with the SPR resin resulted in a higher maximum strength, and was 
generally more consistent than the SMP sample. The pore structure in the samples with higher 
heating rates showed generally larger pores present within the parts, with small pores being 
more infrequent compared to that of the slower rate samples. Furthermore, the higher rate 
samples showed evidence of transverse internal cracking, which was believed to be from a 
combination of thermal stress and higher gas flow. The ILSS decayed with increasing heating 
rates, and it was determined this was due to the prevalence of large pores on the boundary 
between the fibre direction change.  
By combining the high heating rates in early cycles, and then a slow heating rate in later cycles, 
it may be possible to reduce the frequency of internal cracks, whilst making use of them in re-
infiltration. By utilising these high rates, early small pores would also be minimised, resulting 
in a stronger part with less infiltration cycles. This would cut down on processing time, with 
high heating rate cycles taking on average 11 hrs less.  
 
6.3 Thickness Samples 
6.3.1 Density and Porosity 
The bulk density of areas around the plate was determined using Archimedes method, with the 
results summarised in Table 13. These results showed that the variation in bulk density in 
different locations around each plate is quite minimal, with a maximum deviation of 4%, which, 
interestingly, was found in the 2mm. Furthermore, there seems to be no specific indication that 
the change in density is dependent on the location of the measurement. 
However, what was interesting to note was the fact that the 2mm plates seemed to have a lower 
density in general compared to that of the 5mm and 10mm plates, with a 5% deviation between 
the 2mm and 10mm, as seen in Figure 31. Furthermore, the 10mm plate showed significantly 
less open porosity compared to the 2mm plate, with about 10% and 15% respectively.  
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Figure 31: Average Bulk Density of different thickness plates 
 
Figure 32, Figure 33 and Figure 34 show microscopic views of each of the different plates in 
the edge and centre of the parts. This revealed that the 2mm parts generally were more uniform 
in the distribution of pores, while the 5mm and 10mm plates had an uneven distribution, with 
larger and more frequency pores occurring in the centre of the parts. This may explain the 
increase in bulk density and decrease in open porosity with the thicker parts, as less pores were 
filled with water during the experiment, giving the impression of less porosity.  
 
Figure 32: 2mm SPR sample 5x Mag (a) Edge, and (b) Centre 
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Figure 33: 5mm SPR sample 5x Mag (a) Edge, and (b) Centre 
 
 
Figure 34: 10mm SPR sample 5x Mag (a) Edge, and (b) Centre 
On a smaller scale, the porosity seemed very similar between the 2mm, 5mm and 10mm plates, 
with no significant increase in the frequency of small (<20µm) pores, as can be seen in the high 
magnification images found in Appendix 10.4. 
An interesting feature of the 10mm plate is the increased frequency of cracks that have formed 
in the 90° fibres direction for the 10mm thick plate near the edges of the plate. These cracks 
were not as evident near the centre of the parts. This can be seen in Figure 35, where it is evident 
that there are a larger number of cracks in the 10mm plate (Figure 35b) compared to the 5mm 
(Figure 35a). Furthermore, the images reveal that the channels are generally filled with matrix 
in the 5mm plate, where the 10mm channels appear to be open.  
This may be due to the higher degree of thermal expansion present within the larger plates 
combined with the higher quantity of gas being produced in the thick plate, which would be 
trying to escape through the edge of the plates.  
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The presence of these cracks would be beneficial to the efficiency of re-infiltration, as it would 
allow for the resin to form paths within the matrix. However, since it is evident that the 5mm 
plate is already showing signs of having these cracks reinfiltrated, thicker plates (such as a 
10mm plate) would require further re-infiltrations to reach the same integrity.  
The 2mm plate showed very few of these cracks forming, which may be due to the uniform 
dispersion of gas coming from the part, with less resistance upon evolution.  
 
Figure 35: 10x Mag. showing gas channels towards edge of plates (a) 5mm, and (b) 10mm 
To overcome the challenges of the increased porosity in the centre of the parts, it may be 
possible to increase the rate of cooling in early cycles to induce more cracking. This may allow 
a more efficient re-infiltration, and allow resin to effectively infiltrate pores located in the centre 
of the part.  
6.3.2 Weight Gain 
The percentage weight gain for the thick plates can be seen in Figure 13, which shows the 
weight gain of the 2mm plate to be much higher than that of the 5mm and 10mm samples. The 
2mm sample had a 4% higher weight gain for the first pyrolysis, and a 2% higher weight gain 
for the second pyrolysis. This demonstrates that increasing thickness does have a significant 
effect on the ability to re-infiltrate components.  
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7.0 Conclusions 
 
The effect of heating rate on sample produced through Polymer Infiltration and Pyrolysis was 
investigated for CMC’s with matrix materials of SiC and SiOC. The effect of thickness on the 
ability to re-infiltrate was also investigated.  
Higher heating rates in both the SiC and SiOC samples had the following results; 
- Higher flexural strength and stiffness, but poorer ILSS;  
- Increased frequency of large pores;  
- Reduced frequency of small pores. 
The improved strength in the SiC samples was a result of a reduction in small pore frequency, 
and weakened interfacial bonding. The strength results were found to be more inconsistent with 
the higher heating rates due to the prevalence of the occasional, large isolated pore.  
The SiOC samples showed a reduction of the frequency of small pores in the matrix with the 
increasing heating rate, which caused an increase in strength. Small internal cracks were found 
in the matrix of the higher heating rate samples, and the mid-range rate (5°C/min) appeared to 
have these cracks infiltrated.  
The thickness of the samples was found to have a significant impact on the efficiency with 
which samples were re-infiltrated. A high number of internal cracks were found in the 10mm 
specimen, especially towards the edge of the sample, whilst large internal pores were found 
towards the centre. This was most likely due to internal stresses that form due to thermal 
differences combined with an increase in the flow of gas.  
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8.0 Recommendations  
 
By combining the use of high heating rates in early pyrolysis stages, and slow heating rates in 
later stages, it may be possible to utilise the benefits of each and produce a superior part for 
both the SiC and SiOC parts. This would also allow the production time to be reduced 
significantly, as fewer pyrolysis cycles would be required.  
By increasing the cooling rate for the thick components, it may be possible to intentionally 
induce thermal stresses to from cracks which can be used as re-infiltration channels. This may 
result in the ability to reliably produce thick walled components via PIP.  
For future investigation, it is recommended that more densification cycles are utilised.  
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10.0 Appendices 
 
10.1 Standard Operating Procedures 
10.1.1 Preparation of Starfire Resin 
Purpose: Mixing of Starfire resin SPR688 with catalyst to lower curing temperature. 
Required PPE – Safety Glasses, Gloves, Lab Coat, Closed in shoes 
Review risk assessments: 
- Chemical Safety Assessment 
- Laboratory Safety Assessment 
Materials and Equipment: 
- Starfire Resin SPR688 
- Platinum Catalyst Concentration 1% 
- Electronic Scales 
- Fume Cupboard 
- Beaker & Hand Pipet 
Procedure: 
1. Place scales in fume cupboard, and ensure area is reasonably tidy. Have a beaker and 
hand pipet cleaned and ready for use.  
2. Remove the resin and catalyst from the freezer and pour desired amount of resin into a 
beaker, measuring the weight. Pour slowly and repetitively when you are nearing the 
desired weight amount. (NOTE that this should be 99% of the final weight you 
require, i.e. if you need 100g of resin/catalyst mixture, pour 99g of resin into the 
beaker.) 
3. Using the hand pipet, pour 1%wt of the platinum catalyst mixture into the resin. 
4. Stir slowly and carefully to avoid folding in air into the mixture.  
10.1.2 Hand Lamination of Starfire Resin and Carbon Fibre Fabric 
Purpose: To prepare a wet body of resin and fibres for curing and pyrolysis into a Ceramic 
Matrix Composite. 
Required PPE – Safety Glasses, Gloves, Lab Coat, Closed in shoes 
Review risk assessments: 
- Chemical Safety Assessment 
- Laboratory Safety Assessment 
Materials and Equipment: 
- Starfire Resin SPR688 and Catalyst Mixture 
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- T300 Carbon Fibre Fabric (approximately 1:1 weight ratio of resin and fabric)  
- Electronic Scales 
- Fume Cupboard 
- Steel plate with separating layer (i.e. Teflon coating or sheet) 
- Brush 
Procedure: 
1. Cut the desired number of sheets of fabric into the desired size. Note that 10 sheets of 
fibre will result in a plate thickness of approximately 2mm.  
2. Within the fume cupboard and with the brush, coat the steel plate with a layer of resin 
just bigger than the size of the fabric.  
3. Place the fabric on the resin coating the plate, and press down across the entire sheet.  
4. Coat another thin layer of resin on the fabric sheet, ensuring uniform distribution.  
 
Figure 36: Example of hand lamination 
5. Place another fabric layer on top of this, pressing down with the brush. If strands of 
the fabric start to fray at the edges, do NOT pull them out, as this could compromise 
the entire sheet.  
6. Repeat steps 4 and 5 until all the sheets of fabric are used. To check if there is 
sufficient resin being used, press firmly on the fabric and some resin should come to 
the surface. If it is pooling on top without any pressure, then there is too much resin 
being used.   
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10.1.3 Vacuum bagging and curing of C/Fibre and Starfire Composite 
Purpose: To densify and cure a wet body of Starfire SPR688 and Carbon Fibre into a solid 
green body composite, which can be further pyrolyzed into a CMC.  
Required PPE – Safety Glasses, Lab Coat, Closed in shoes 
Review risk assessments: 
- Laboratory Safety Assessment 
- Vacuum Pump Risk Assessment & SOP 
- Electric Oven Risk Assessment & SOP 
Materials and Equipment 
- Starfire Resin and T300 Carbon Fibre Fabric 
- Vacuum pump 
- Tacky Tape 
- Breathing Fabric 
- Teflon Sheet 
- Vacuum Bag 
- Pump port 
Vacuum Bagging Procedure: 
1. With the wet body prepared, place a sheet of Teflon across the top, to act as a 
separator after the curing process, and cut it to slightly larger than the plate that has 
been prepared.  
2. Apply the Tacky Tape around the outside of the steel plate, ensuring to press down 
firmly to remove any gaps for air to enter.  
3. Place the sheet of breathing fabric over the steel plate, cutting to size slightly inside 
the Tacky Tape. 
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Figure 37: Vacuum bag layout 
4. Place the vacuum bag over the entire plate, and cut a cross in the desired location of 
the Vacuum port. 
5. Take off the covering of the Tacky Tape, and begin pressing the outside of the 
Vacuum bag, ensuring that the entire outside is sealed. Also make sure the port is 
inside when applying the vacuum bag, and the appropriate fittings have been removed 
to screw on afterwards. 
6. Once sealed, screw the port shut to form a completely sealed ‘bag’.  
7. Attach the vacuum pump hose to the port, and run the pump, making sure the bag can 
hold a vacuum. If not, find the location of any holes and close them.  
 
Curing Procedure: 
1. Place the plate with vacuum bag inside the electric curing oven, and feed the vacuum 
hose through a hole at the top of the oven, then connect it to both the vacuum bag port, 
and the pump. Turn the pump on and make sure the bag is creating a proper vacuum. 
2. Turn on the oven and set to 200C, and close the door.  
3. Allow the specimen to sit in the oven for 2hrs before cooling and removing.  
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10.2 Flexural Strength Test Results 
 
Figure 38: Flexural Strength of SiC Parts 
 
 
Figure 39: Flexural Strength of SiOC Parts 
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10.3 Individual bend test results 
 
Figure 40: Flexural Test 1 - SMP10 
 
Figure 41: Flexural Test 1 - SPR 
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Figure 42: Flexural Test 2 - SMP10 
 
Figure 43: Flexural Test 2 - SPR 
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Figure 44: Flexural Test 3 - SMP10 
 
Figure 45: Flexural Test 3 - SPR 
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10.4 Microscopy Results 
 
Figure 46: 50x Mag. of thick plates (a) 2mm, (b) 5mm, and (c) 10mm 
 
Figure 47: 2mm SPR Microscopy (a) 5x (b) 20x and (c) 50x 
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Figure 48: 5mm SPR Microscopy (a) 5x (b) 20x and (c) 50x 
 
Figure 49: 10mm SPR Microscopy (a) 5x (b) 20x and (c) 50x 
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Figure 50: SMP Microscopy (a) 1°C/min (b) 5°C/min and (c) 10°C/min 
 
Figure 51: SPR Microscopy (a) 1°C/min (b) 5°C/min and (c) 10°C/min 
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10.5 SEM Images 
 
Figure 52: SEM Images of SMP10 10°C/min sample 
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10.6 Weight Measurements 
Table 15: Mass Measurements at each stage of processing 
Stage SPR SMP 
 
2mm 5mm 10mm 1d 5d 10d 1d 5d 10d 
G 29.93 74.55 148.63 31.04 30.69 30.30 29.08 29.76 28.93 
P1 28.10 71.05 141.14 28.68 28.68 29.40 28.39 29.15 28.41 
R1 32.55 79.19 156.23 32.68 31.13 32.07 31.83 33.16 33.65 
P2 31.39 77.09 153.13 31.94 30.93 31.21 31.74 33.03 32.61 
R2 34.42 81.75 162.74 34.77 32.45 33.66 34.59 36.16 36.79 
P3 33.33 79.99 159.81 33.71 32.04 32.94 34.37 35.95 35.87 
 
G refers to the green body 
Rn refers to the nth re-infiltration mass 
Pn refers to the nth pyrolysis mass 
All measurements are in grams (g) 
 
